In lifecycle management of corrosion affected reinforced concrete structures, it is difficult to correctly assess lifecycle performance due to the uncertainties associated with structural resistance deterioration. This paper presents a stochastic deterioration modelling approach to evaluate the performance deterioration of corroded concrete structures during their service life. The flexural strength deterioration is analytically predicted on the basis of bond strength evolution due to reinforcement corrosion, which is examined by the experimental data available. An assessment criterion is defined to evaluate the flexural strength deterioration for the time-dependent reliability analysis. The results from the numerical example show that the proposed approach is capable of evaluating the structural deterioration and lifecycle performance of the concrete structures suffering from reinforcement corrosion.
Introduction
Reinforced concrete (RC) structures form the major part of civil infrastructure systems in the world. During the last decades, the amount of resources spent on the maintenance and management of deteriorating RC structures (such as bridges, tunnels and buildings) has increased continuously (Azad et al., 2010; Chen and Bicanic, 2010) . Corrosion of steel reinforcement, initiated by chlorides or the carbonation, is widely reported as the predominant cause of performance deterioration of many RC structures (Mangat and Elgarf, 1999; Azad et al., 2007; Nepal and Chen, 2014) . As a result, the reliability of RC structures is frequently compromised by the deterioration caused by reinforcement corrosion. The functionality of the corrosion damaged concrete structures highly depends on the frequency and the quality of the maintenance program. Thus, for the RC structures serving in aggressive environments, effective inspections and lifecycle maintenances should be performed to ensure their safety and serviceability. Due to the limitation of the resources it is often not possible to carry out the full scheduled maintenance. Therefore, the need for the optimised maintenance strategy, which can help in efficient allocation of limited resources for the periodic inspection and maintenance of existing RC structures, is evident.
The performance degradation caused by reinforcement corrosion is time-variant and is uncertain as well in nature. Uncertainties associated with the resistance degradation make it difficult to accurately predict the lifecycle performance of these structures. In this case, time-dependent reliability analysis provides a framework and quantitative tool for the condition assessment of RC structures suffering from reinforcement corrosion. This can further help in making decision regarding optimal allocation of resources for maintenance, repair and replacement. During the past decade, time-dependent structural reliability analysis has been widely utilised to evaluate probability of failure over time and to optimise maintenance strategy during service life (van Noortwijk and Frangopol, 2004; van Noortwijk, 2009) . Existing studies on the evaluation of time-dependent flexural strength of the corrosion-damaged RC structural members mainly focus on the sectional area loss of corroded rebar (Val et al., 1998; Bhargava et al., 2011) . Limited efforts have been made in lifecycle performance analysis of corrosion affected RC structures with consideration of the influence of mechanical factors on the load carrying capacity of corroded RC structures. This paper presents whole lifecycle performance analysis of corrosion affected RC structures on the basis of time-dependent reliability analysis. Initially, analytical formulations are provided to evaluate the evolution of corrosion induced concrete cover cracking. The thick walled cylinder model is used and an anisotropic property of cracked concrete is considered. The realistic mechanical parameters such as residual tensile strength and reduced tensile stiffness of the cracked concrete are adopted in the model. Furthermore, analytical solutions are proposed to evaluate the time-dependent flexural strength of corroded RC beams by considering the mechanical changes in both corroded rebar and the surrounding concrete. In order to model the progression of structural resistance deterioration during the lifecycle, a gamma process model is adopted to take uncertainties into account. The time-dependent reliability analysis is then applied to evaluate the probability of failure of the RC structure by using ultimate limit state analysis. Finally, a numerical example of a RC beam is used to demonstrate the applicability of the proposed approach.
Modelling deterioration caused by reinforcement corrosion
In lifecycle modelling of corrosion damaged RC structures serving in aggressive environments, the effect of corrosion on the resistance of the RC structures can be illustrated in Figure 1 . In this paper, the lifecycle of a RC structure subjected to reinforcement corrosion is defined as the period for the completion of construction to the collapse of the structure. As observed from Figure 1 , in the crack initiation phase structural resistance remains almost the same as the original capacity. In the crack propagation phase structural resistance deteriorates gradually until the next phase. The structural resistance deterioration rate accelerates in the residual life phase, leading to the collapse of the structure. The degradation of the structural resistance caused by reinforcement corrosion in the whole life of RC structures can be basically contributed from three factors: 1 reinforcement corrosion 2 cover cracking 3 bond strength deterioration. 
Reinforcement corrosion model
The steel rebar (reinforcement) embedded in concrete is naturally protected from corrosion initially by the strong alkalinity of the concrete. Once the passive layer is broken down, corrosion initiates. This protective layer can be broken down due to the carbonation or the chloride ingress from the environment. In general, there are two types of corrosion process, uniform corrosion and pitting corrosion (Zhang et al., 2010; Khan et al., 2014) . Depending on the type of corrosion process, the reduction in radius of original rebar R b , during the lifecycle of the corroded RC structures can be estimated from Vidal et al. (2004) , expressed here as
where α p is an attack penetration factor indicating localised corrosion at the earlier stage when 4 < α p < 8 and homogeneous corrosion at later stage when α p = 2. Based on the study carried out by (Zhang et al., 2010) , corrosion is typically uniform in later stage of corroded RC structures. Therefore, in this paper, corrosion is considered as uniform with uniform corrosion depth. Similar concept of uniform corrosion is often utilised in analytical investigations of reinforcement corrosion, including Coronelli (2002) and Wang and Liu (2004) .
The rust product formed during the corrosion process is expansive in nature and has distinct characteristics with different relative volume and molecular weight ratio. The volume ratio γ vol of the corrosion product formed to its parent metal lies between 1.8 to 6.4 (Papakonstantinou and Shinozuka, 2013) . Depending on the types of the rust product, if corrosion depth is known the volume of the rust product V r per unit length of the rebar can be estimated from 2 ,
V γ X πR = in which X p is the corrosion level defined by the ratio of the mass loss of the corroded rebar to the original mass of the rebar. The corresponding volume increase per unit length of the rebar ΔV can be obtained by deducting the volume of steel consumed from the volume of the rust product formed. Then the uniform displacement at the bond interface u bx , generated by expansive corrosion product, is given by
Crack propagation model
The evolution of cracks in concrete cover is discussed in the analytical investigations by Chen and Alani (2013) , where the equivalent crack width over the time was defined as the cumulated crack width over the cover surface, as shown in Figure 2 . The intact cover concrete is treated as elastic material, until the tensile hoop stress reaches the tensile strength of the concrete. Thus, crack initiation phase is represented by the cracking at the bond interface R b . The corrosion level at the time when cracking initiates
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where υ is the Poisson's ratio of the concrete, f t is the tensile strength of concrete and E = E c /(1 + θ c ) is the effective modulus of elasticity of the concrete in which E c is the modulus of elasticity and θ c is the creep coefficient of the concrete. The crack propagation toward the cover surface was investigated by Chen and Xiao (2012) , where the cracks in concrete are considered as cohesive in nature and modelled as a process of tensile softening by using bilinear softening law of cracked concrete as defined in CEB-FIP (1990) . In cohesive crack model, the stress transferred through cohesive cracks was assumed as a function of crack opening, expressed here as
where σ θ is the tensile stress acting across the cohesive cracks;
is the normalised crack width in which G f is the fracture energy of the concrete and w(r) is the actual crack width at any point r of a thick walled cylinder as shown in Figure 2 ; a and b are the coefficients of bilinear softening curve. The normalised cumulative crack width over the concrete cover surface for the total number of cracks n c can be obtained by considering free surface condition at the cover surface and by ignoring the Poisson's effect associated with the hoop strain of the completely cracked concrete (Chen and Nepal, 2015a) , expressed here as
where l o is the material constant given by l o = n c l ch /2πb in which n c is the number of cracks taken as 3 or 4 for the concrete around the rebar and l ch is the characteristic length defined as
by Hillerborg et al. (1976) ; and δ(R c , R b ) is the crack factor associated with the material properties and radial distance r, given by
By using the two boundary conditions of the boundary value problem, i.e., the hoop stress at the concrete cover surface reaching the concrete tensile strength and uniform displacement at bond interface in equation (2), the corrosion level at the time to crack on the concrete cover surface c p X can be obtained from
where 2
is the material constant for pre-critical cracking stage of the concrete cover in which b cr = (1 -α bi )/W cr is the bilinear coefficient as described in equation (4) After cracking occurs at the concrete cover surface, the bond strength between the steel reinforcement and the surrounding concrete starts decreasing and the performance of the concrete structures deteriorates gradually (Law et al., 2011; Torres-Acosta et al., 2007) . Due to further corrosion of steel rebar, cracking propagates and widens in the concrete cover and then reaches an unacceptable level. At this stage, the structures reach their serviceability limit state. The process of concrete cracking continues until they reach their ultimate cohesive value W u . In lifecycle analysis, when the crack in the concrete cover reaches its ultimate cohesive value, due to the considerable widening of the crack opening, the residual strength of the concrete cover becomes negligible. Hence, at this stage significant change occurs in the resistance of RC structures and the corresponding corrosion level u p X can be obtained from equation (5), expressed here as
Bond strength degradation model
Corrosion in the rebar affects the bond properties between rebar and the surrounding concrete by changing the shape and angle of the ribs of deformed rebar (Rodriguez et al., 1994; Almusallam et al., 1996; Nepal et al., 2013) . It also influences the mechanical interlocking and confinement between rebar and the surrounding concrete by reducing adhesion and frictional force caused by the accumulation of corrosion products and cracking in the concrete cover (Wang and Liu, 2004) . Considering these factors, the ultimate bond strength of corroded rebar at a corrosion level can be evaluated from three contributions, i.e., adhesion stress T adx , confinement stress T cnfx and corrosion stress T corrx (Coronelli, 2002) .
The adhesion stress acting between rebar and surrounding concrete is defined as the non-splitting component, which depends on the friction and adhesion stress acting on the inclined rib faces, and can be evaluated from
where A rx = 2πR bx h rx is the reduced rib area in plane at right angle to rebar axis in which h rx = 0.14R bx is the reduced rib height of the rebar due to corrosion; n r is the number of transverse ribs at section; S r = 0.6D b is the rib spacing (Wang and Liu, 2004) ; f cohx = 2 -10(x -x c ) is the adhesion strength coefficient in which x c is the corrosion depth corresponding to the through cracking of the concrete cover and can be obtained once c p X is known; tan(δ o + φ) can be estimated from 1.57 -0.785x (Coronelli and Gambarova, 2000) in which δ o is the orientation of the rib usually taken as 45° and φ is the angle of friction between steel and concrete. The confinement stress contributed by the surrounding the cracked concrete and stirrup is given by T cnfx = k cnfx P cnfx where k cnfx = 0.8n r tan(δ o + φ)/π is the coefficient of confinement stress for crescent shaped rebar and P cnfx is the confinement pressure. In confined concrete, the confinement pressure is the total contribution of cracked concrete P cnfx,c and the stirrups P cnfx,st . The confinement pressure acting at the bond interface was given by Nepal et al. (2013) 
( 1 1 ) where w bx = G f W bx /f t is actual crack width at the rebar surface; k c is the constant taken as 167; n st is the number of stirrup legs; A st is the cross-section area of stirrup leg with diameter of D st ; S st is the spacing of stirrup; E st is the modulus of elasticity of steel; D a is maximum aggregate size; α st is the shape factor of stirrup taken as 2; a 2 , a 1 and a o are the coefficients related to the simplified trilateral local bond-slip law of the stirrups, given in Giuriani et al. (1991) . The bond strength contribution of the stirrups has limited value. In this paper it is estimated according to the expression given by ACI Committee 408R (2003). The ultimate bond strength contributed by the corrosion pressure is defined as T corrx = μ x P corrx in which μ x is the coefficient of the friction between the corroded rebar and the cracked concrete given by 0.37 -0.26(x -x c ), and P corrx is the corrosion pressure or the radial stress acting at the bond interface, evaluated by Chen and Xiao (2012) 
( 1 2 ) where ξ corr is the corrosion factor determined from two boundary conditions of the boundary-value problem, depending on the phase of crack development in the concrete, and β bx is the stiffness reduction factor associated with the cracked concrete, given by
Loss of bond strength at the bond interface between reinforcement and the surrounding concrete indicates that the design guidance for ultimate bending moment resistance, which are dependent on strain compatibility at all sections, may become invalid and shift to a new compatibility condition (Mangat and Elgarf, 1999; Wang and Liu, 2010 ). This in turn changes the overall behaviour of the structure. Therefore, a new theoretical approach for evaluating the residual flexural strength of corrosion damaged RC structures suffering from bond strength degradation is required. For this purpose a doubly reinforced rectangular beam is considered. In case of un-corroded perfectly bonded RC beam the strain compatibility condition exists, as given by design codes. Therefore, the initial flexural resistance of RC beams can be evaluated by using design codes. For the corroded RC beam when ultimate bond strength is insufficient to prevent anchorage failure, the tensile force generated in the corroded tensile steel can be formulated as
( 1 4 ) where n b is the number of the bottom tensile steel and l d is the development length which can be evaluated from design code. The strain compatibility of a RC beam with corroded reinforcement can be considered between un-bonded and bonded condition (Wang and Liu, 2010) . Assuming the deformation of concrete is mainly due to plastic deformation occurring within the plastic equivalent region L eq , new strain compatibility of the corroded beam can be expressed as
where the plastic equivalent region is defined as L eq = 9.3Y x (Au and Du, 2004) . Parameters in equation (15) are defined as: ε ccx is ultimate strain of concrete; ε stx and ε scx are strains of tensile steel and compression steel, respectively; Y x is the neutral axis depth from the edge of compression zone; d x is the effective depth of beam and x d ′ is the distance from the centroid of the compression steel to edge of the compressive fibre at corrosion level X p ; and g x is the interpolation factor which can be obtained by considering the bond strength value of perfectly bonded and un-bonded condition of the RC beam.
Consequently, the strain acting at steel and concrete is given by ε stx = f stx /(A bx E st ), in which A bx is the reduced area of tensile steel due to corrosion and E st is the modulus of steel. By utilising the concept given by Cairns and Zhao (1993) , the corroded RC beam still follows the condition of equilibrium of resultant tensile and compressive forces acting at the beam section. The residual flexural strength can then be evaluated by considering the failure modes of flexural strain at the compressive fibre and tensile fibre. These failure modes can be determined by satisfying the limiting values of ε stx , ε ccx and ε scx as given by Eurocode 2 (2004). Finally, by taking moment at the centroid of the tensile steel, the existing flexural strength of the corroded RC beam can be evaluated from
where f ccx and f scx are the compressive forces acting at the centroid of compression zone and the centroid of the compressive steel of the corroded beam, respectively.
Time-dependent reliability analyses
Structural performance deterioration caused by reinforcement corrosion and the related structural response is a complex phenomenon with high uncertainties. The uncertainties associated with the deterioration and the corresponding structural performance can be considered by using a stochastic process. Thus, the time-dependent reliability analysis based on the stochastic approach is helpful in evaluating the current condition and predicting the future performance of the structures due to reinforcement corrosion. The gamma process has been often adopted for structural deterioration modelling (van Noortwijk and Frangopol, 2004; van Noortwijk, 2009; Chen and Alani, 2012; Chen and Nepal, 2015b) . The gamma process is a stochastic process with independent non-negative increments having a gamma distribution with a given average of deterioration rate. Structural resistance degradation caused by reinforcement corrosion is a continuous and non-negative phenomenon. Therefore, the gamma process is suitable for the stochastic modelling of structural resistance deterioration in corrosion affected RC structures during their lifecycle. In the gamma process deterioration model, cumulative resistance deterioration J is considered as a random quantity with the gamma distribution, and has shape parameter η x > 0 and scale parameter λ > 0. The probability density function of this random quantity J, i.e., the structural resistance during the lifecycle at time t and at corrosion level X p (X p > 0), can be expressed as
e l s e w h e r e
( 1 7 ) where
is the gamma function for shape parameter η x > 0. The scale parameter λ can be estimated from statistical estimation methods such as a maximum likelihood method by maximising the logarithm of the likelihood function of the increment of the parameter (van Noortwijk, 2009) . In this study, the gamma process is utilised to estimate the probability of failure associated with the load carrying capacity of the corroded RC structures. Therefore, J x indicates the average flexural strength deterioration associated with the reinforcement corrosion. The average flexural strength deterioration can be determined by deducting the residual flexural strength from the initial flexural strength of the RC beam. The shape function η x is then obtained from
Assuming J L as the maximum allowable limit of the structural deterioration, from the definition of probability of failure and by integrating probability density function given in equation (17), the lifetime distribution of failure associated with structural resistance deterioration is given by
is the incomplete gamma function for z ≥ 0 and η > 0. The allowable structural deterioration limit J L may vary in accordance with the requirements given by asset managers. Therefore, from equation (18), the failure of RC structures during service life can be defined as: when the flexural strength deterioration exceeds its predefined allowable limit of deterioration, the RC structure reaches its ultimate limit state and is no longer capable of providing safe service.
Numerical example
A simply supported RC beam of 5 m span, with minimum service life of 50 years designed to resist very aggressive environment as defined by Eurocode 2 is now utilised to demonstrate the applicability of the proposed approach for assessing the residual structural performance during its service life. The beam is doubly reinforced with the cross-sectional width b = 300 mm and effective depth d = 560 mm and is subjected to mean annual corrosion current per unit length i corr = 1 μA/cm and the volume ratio γ vol of the corrosion products is assumed as 2.0 (Papakonstantinou and Shinozuka, 2013) .
In order to validate the predicted results for the residual load carrying capacity, the predicted results from the proposed method are plotted in Figure 3 as a function of the corrosion level in percentage and compared with the published experiment data obtained from various sources. In Figure 3 , the residual load capacity is represented by the normalised flexural capacity, which is calculated by dividing the flexural capacity of corroded element by the capacity of the non-corroded element. It is obvious that the trend of the load capacity deterioration predicted by the present study is in good agreement with the published experimental data available from various sources. At the initial stage, the residual load carrying capacity of the corroded element deteriorates slowly almost in linear trend as observed in Xia et al. (2012) , Zhang et al. (2012) and El Maaddawy et al. (2005) . When corrosion level reaches about 5%, considerable deterioration occurs due to the reduction in bond strength and corresponding anchorage failure that occurs before yielding of the steel and the surrounding concrete. The reduction in flexural strength makes the structure more vulnerable to the collapse. Similar trend in reduction of flexural strength is observed in many experimental studies, including Mangat and Elgarf (1999) , Azad et al. (2007) , Chung et al. (2008) , Azad et al. (2010) and Torres-Acosta et al. (2007) . Deterioration process of bond strength as the progress of the cover surface crack width predicted by present study is presented in Figure 4 . The predicted results are then compared with the experimental data obtained from various references, including Rodriguez et al. (1994) , Almusallam et al. (1996) and Law et al. (2011) , and furthermore compared with the limit given by FIB (2010). Here again, the trend of bond strength deterioration predicted by the present study agree well with the experimental data available and the limit given by FIB (2010). It is found that, increase in cover surface crack width leads to considerable reduction of bond strength. This reduction in bond strength is associated with many factors, such as reduction in mechanical interlocking, friction and confinement stress acting at the bond interface caused by increasing corrosion product, and widening of cracks in the concrete cover. Similarly, the results in Figure 5 show the residual strength behaviour of confined and unconfined concrete as function of equivalent cover surface crack width. The results show that flexural strength deterioration is comparatively less than that in confined concrete, which is due to the increase in bond strength capacity provided by the transverse reinforcement. The lifetime evolution of structural deterioration of corrosion-affected RC structures is modelled by the gamma process. In lifecycle modelling of corrosion affected RC structure, the structures are generally assessed on the basis of the ultimate limit state analysis. The results for the probability of the RC structure reaching its ultimate limit state is presented in Figure 6 . Here the ultimate limit state is represented by the fact that flexural strength capacity reaches the pre-defined deterioration limit. As shown in Figure 5 when surface crack width reaches about 0.5 mm, the residual flexural strength loses about 15% of its original strength for confined concrete and about 35% for unconfined concrete. Here, to calculate the probability of failure, the maximum allowable limit of flexural strength deterioration is chosen as J L = 20%, 25% and 30%, respectively. The results of probability of failure (P f ) of the confined and unconfined concrete are shown in Figure 6 for the chosen allowable flexural strength deterioration limits. From the results, as expected the probability of failure associated with flexural strength deterioration depends on the given allowable strength deterioration limit for both confined and unconfined concrete. As expected, at the same level of reinforcement corrosion the probability of failure is lower for the higher allowable deterioration limit. Moreover, it is clear that unconfined concrete has considerably higher probability of failure than the confined concrete when the same values of the predefined allowable limit and reinforcement corrosion level are considered. The effect of cover depth on lifecycle performance of corroded RC structures with respect to flexural strength deterioration is presented in Figure 7 . Here, various cover depths, e.g., 30 mm; 40 mm and 60 mm, and allowable flexural strength deterioration limit of 25% are considered. The probability of failure increases continuously in all cases of cover depths and reaches to unity when corrosion level is about 17%. As expected, the results indicate that the probability of failure is comparatively higher in the case of lower cover depth, and the structural failure starts from the lower level of reinforcement corrosion. 
